Herein, we present a theoretical framework and experimental methods to more accurately account for transit effects in quantitative human perfusion imaging using endog enous magnetic resonance imaging (MRI) contrast. The theo retical transit time sensitivities of both continuous and pulsed inversion spin tagging experiments are demonstrated. We pro
pose introducing a delay following continuous labeling, and demonstrate theoretically that introduction of a delay dramati cally reduces the transit time sensitivity of perfusion imaging.
The effects of magnetization transfer saturation on this modi fied continuous labeling experiment are also derived, and the assumption that the perfusion signal resides entirely within tis sue rather than the arterial microvasculature is examined. We present results demonstrating the implementation of thc con tinuous tagging experiment with delay on an echoplanar scan-Since magnetic resonance imaging (MRI) scanners are widespread in both clinical and research environments, the availability of a quantitative MRI perfusion imaging technique would help to increase the use of perfusion imaging as a diagnostic tool. Additionally, MRI methods do not require a radioactive tracer, are directly superim posable onto high resolution anatomic images acquired within the same imaging session, and can potentially achieve spatial resolution that is orders of magnitude better than that of radionuclide methods. MRI methods based on the injection of a magnetic contrast agent have yielded excellent images of cerebral blood volume (CBV) (Belliveau et aI., 1990) , but quantification of per fu sion with these methods is more challenging (Weis skoff et aI., 1993) . The need for bolus injection of a ner for measuring cerebral blood flow (CBF) in normal volun teers. By varying the delay, we estimate transit times in the arterial system, values that are necessary for assessing the ac curacy of our quantification. The effect of uncertainties in the transit time from the tagging plane to the arterial microvascu lature and the transit time to the tissue itself on the accuracy of perfusion quantification is discussed and found to be small in gray matter but still potentially significant in white matter. A novel method for measuring T I ' which is fast, insensitive to contamination by cerebrospinal fluid, and compatible with the application of magnetization transfer saturation, is also pre sented. The methods are combined to produce quantitative maps of resting and hypercarbic CBF. contrast agent also dramatically reduces the number of repeated measures possible within a single examination and decreases the advantage of MRI over positron emis sion tomography (PET) flow techniques.
MRI measurements of perfusion may also be obtained using an endogenous tracer. In this approach, arterial water is tagged proximal to the brain using spatially se lective excitation or inversion pulses. Effects of arterial tagging on distal images can be quantified in terms of tissue perfusion since the regional changes in signal in tensity are determined by blood flow and T 1 relaxation. Several types of tagging strategies have been employed. Repeated saturation (Detre et aI., 1992) and continuous adiabatic inversion (Dixon et aI., 1986 , Williams et aI., 1992 both approximate a continuous tagging of blood as it flows across a plane located proximal to the slice lo cation. Using the adiabatic inversion technique, alter ations of blood flow due to modulation of blood P a co2 (Williams et aI., 1992) , seizures (Williams et aI., 1993) , cold injuries (Williams et aI ., 1992) , and amphetamine stimulation (Silva et aI ., 1995) in rats have been reliably quantified. The alternative to these continuous labeling techniques is single-pulse tagging of an extended slab of tissue containing a sizable volume of arterial blood (Edelman et aI., 1994 , Kwong et aI., 1995 ; current meth ods for quantifying single-pulse experiments are less well developed (see below). Implementation of the above perfusion imaging strat egies for human studies presents several challenges. Hu mans are typically studied at field strengths lower than those used for small animals, thus resulting in lower signal-to-noise ratios and shorter T 1 relaxation times.
Transit times from proximal arteries are also longer in humans. Long transit times greatly reduce the sensitivity of the perfusion measurement. Since longer transit times affect the observed signal intensity, uncertainty in the transit time will also result in inaccuracies in flow quan tification. Another problem, always present in human studies, is subject motion and associated artifacts. Be cause perfusion imaging must detect small percentage changes in an image, motion effects can easily degrade the perfusion images. Rigid fixation of the head and paralytic agents, both of which are frequently used in animal perfusion studies, cannot be used to prevent mo tion of human subjects without substantial discomfort.
Several groups have made first steps towards quanti tative perfusion imaging in humans, but the problems outlined above have not all been addressed. One group (Roberts et aI., 1994) reported human perfusion images employing an adaptation of the adiabatic inversion tech nique to fast gradient echo imaging. Although quantita tive perfusion values in agreement with literature values were obtained, the imaging technique was highly sensi tive to the arterial transit time assumed and d id not sup press or account for the large contribution of intraluminal spins. A second group (Edelman et aI., 1994) reported a slab inversion technique that highlights the effects of transit time in the human arterial tree by tagging a bolus of blood whose transit through the arterial system is ob served in images obtained at different delays between inversion and image acquisition. Their method incorpo rated echoplanar imaging to reduce motion by obtaining tagged and control images spaced only a few seconds apart. The signal intensity in this method can be highly dependent on transit time. Fitting of multiple images ac quired with different delays has been suggested as a route towards quantification (Buxton et aI., 1995) , but assumptions about the distribution of velocities and tran sit times in the tagged arteries are required. An alterna tive spatial inversion tagging scheme, based on a method developed earlier for detecting brain activation (Kwong et aI., 1992) has been proposed, (Kwong et aI., 1995) . This tagging method has also been used for mapping brain activation (Kim, 1995) . The flow-dependent signal change is identical to that of the other pulsed method (Edelman et aI., 1994) .
Herein, we present a theoretical framework and ex perimental methods to more accurately account for tran sit effects in quantitative human perfusion imaging. We begin by deriving the transit time sensitivity of both the continuous and pulsed inversion spin tagging experi ments and demonstrating that by introducing a delay fol lowing continuous labeling, transit effects are markedly reduced without sacrificing sensitivity. The continuous tagging experiment is then implemented on an echopla nar scanner and used for imaging of normal volunteers. By varying the delay, we estimate transit times in the arterial system, values that are necessary for assessing the accuracy of our quantification. A novel method for measuring T 1 that is fast and insensitive to contamination by cerebrospinal fluid (CSF) is also presented. Finally, the methods are combined to produce quantitative maps of resting and hypercarbic CBF.
THEORY

Continuous labeling experiments
The signal intensity change observed in the continuous labeling experiment, as illustrated in figure la, was de rived previously (Williams et aI., 1992) .
(1) where f is the blood flow in ml/g-l S-I ; A. is the brain blood partition coefficient (defined as ml of water per gram tissue / ml water per ml blood); 0 is the arterial transit time from the tagging plane to the imaged slice;
T 1 b is the T 1 of brain tissue; T 1 a is the T 1 of arterial blood; ex is the inversion efficiency (Williams et aI., 1992) , which should be one for perfect inversion and 0.5 for perfect saturation; M b t a g is the brain tissue magneti zation in the tagged experiment; Mb etrl is the brain tissue magnetization in the control experiment; M� is the equi librium brain tissue magnetization; and T l a pp is given by
(2)
Notice that the observed signal is exponentially depen dent on the arterial transit time, o. In the rat experiments, the short transit times of the cerebral vasculature and the long T I of blood at the high (4.7 Tesla) field strength reduced the importance of transit time measurement (Williams et aI., 1993) . For human perfusion, however, transit time dependence of the measured CBF is signifi cant and represents a major obstacle to accurate quanti fi cation. Measurement of vascular transit time to accom pany each perfusion measurement would reduce the sen sitivity and temporal resolution of the method. One approach to reducing the transit time sensitivity of continuous spin labeling experiments is to introduce a delay of duration, w, between the end of tagging and image acquisition ( Fig. lB) . If w is less than 0, the delay 
Notice that the flow now depends on 0 times the differ ence between the tissue and arterial blood relaxation Vol. 16, No.6, 1996 rates. Fortunately, the T 1 in gray matter and arterial blood are within 10% of each other at 1.5 Tesla, so the transit time sensitivity of the expression is markedly re duced. For white matter, which has a shorter T l' the delay is only partially effective at reducing transit time sensitivity.
In the above theory, we have ignored the effects of magnetization transfer on image intensity. This is correct if a separate tagging radiofrequency coil is used (Silva et aI., 1995) , since power deposition at the imaging slice is minimal. In the present study, a single coil was used for both tagging and imaging, so magnetization transfer ef fects are significant. Magnetization transfer can alter the observed signal in two ways (Zhang et aI., 1992) . First, application of the tagging pulse causes a decreased signal from the imaged slice even in the absence of perfusion. We will assume that the control experiment also experi ences this attenuation so that subtraction of the two im ages is predominantly dependent on perfusion. The pres ence of the off-resonance saturation also causes a de crease in the T I app-Although theoretical expressions for saturated T l app have been reported (Zhang et aI., 1992) , we choose to assume only that the decay during the application of a tagging pulse is characterized by a single T l app, Tis which may be different from Ti ns , T l app in the absence of off-resonance radiofrequency (RF) saturation (Yeung and Swanson, 1992) . If magnetization transfer saturation is present, the solution becomes (see Appen dix)
Ti ns
where the min ( ) function returns the smaller of its two arguments.
Pulsed tagging experiments
The signal change in the pulse� tagging experiments depends primarily on the geometry of the tagged slab. The signal is given by (see Appendix)
where Tl is the time between tagging and imaging, 0 is now the transit time from the most distal portion of the slab to the tissue, and 'r represents the duration of the bolus. If Tl is greater than 0 + 'r, then absolute perfusion quantification is problematic, (see Appendix). If Tl is less than 0 + b, and T 1 app is comparable to T I a' the expression can be approximated as
Tl must be large compared to 0 in order to achieve insensitivity to transit time. Since the signal intensity decays with T 1, increasing Tl to much greater than 0 wiilI significantly reduce the sensitivity of the measure ment.
Comparison of tagging techniques
In Fig. 2 , we compare the signal intensity observed with the two tagging techniques. Figure 2A shows the theoretical signal intensities in gray matter for a flow of 60 ml lOO g-l min-1 assuming a T1app of 1,000 ms (Lars son et aI., 1988; Steen et aI., 1994) , and T1a of 1,100 ms . The continuous inversion experi ment with no delay gives the highest signal intensity of all the techniques. As the delay, w, is increased, the maximum signal intensity decreases but the signal be comes very insensitive to the transit time for transit times shorter than w. The signal in the pulsed inversion ex periment is smaller and more sensitive to transit time than the continuous inversion experiment with a delay. Figure 2B shows the signal intensities calculated for white matter. Because the T I of white matter, 600 ms, is considerably smaller than that of blood, the signal from continuous labeling experiments increases with transit time. The pulsed inversion experiments retain their sen sitivity to transit times. Figure 2 suggests that continuous inversion is superior to pulsed inversion, but other factors may influence the success of the experiment. If only a single slice is being imaged, the transit time can be reduced slightly in pulsed inversion experiments by moving the inverted slab closer to the slice. Nevertheless, continuous labeling with a delay appears to be an attractive perfusion imaging strat egy and we have pursued it exclusively in the remainder of this study.
Contribution of intraluminal spins
Intraluminal spins have been ignored in the past, partly because bipolar gradients were applied to attenuate the signal from flowing spins . Recent theoretical calculations (Henkelman et aI., 1994) have demonstrated, however, that a substantial fraction of the blood signal is not attenuated by these gradients. This has several implications for perfusion imaging. First, it is nearly impossible to accurately measure the transit time to the tissue, 0, with magnetic resonance (MR) since it is difficult to discriminate spins in the tissue from spins in the microvasculature. Second, if the arterial blood vol ume is large enough, the signal from blood may domi nate the signal from the tissue. This is especially true in white matter where short T l app reduces the observed per fusion signal from tissue. In order to assess the contri bution of these two uncertainties to the quantification of perfusion, we expanded our model to include an arterial vasculature compartment. We divide the signal from the image into a brain tissue compartment and a vascular compartment. The signal from the tissue compartment tagging with delays of 0, 500, 1,000, and 1,500 ms are shown with solid lines. Results for pulsed inversion experiments using Tis of SOD, 100, 1,500, and 2,000 ms are plotted with dotted lines. Pulsed inversion experiments assume that,. is longer than TI. Gray matter signal intensity is virtually independent of transit time when continuous tagging with a delay is used, but decays exponentially in the absence of the delay. White matter signal using continuous tagging with a delay increases slightly with transit time, but is still less sensitive than when no delay is employed.
was calculated above. We define a second transit time, oa, which represents the time required for blood to flow from the tagging slice to the arteries within the vascular compartment, illustrated in Fig. IC . The division be tween the vascular compartment and larger feeding ar teries located within the slice is somewhat arbitrary. If bipolar gradients are applied, some estimate of the mini mum size of vessels experiencing attenuation is required. Otherwise, the division can be defined by the require ment that the length of blood vessels within the vascular compartment should not exceed the size of a voxel so that spatial resolution is not compromised. The signal from the vascular compartment is given by
where Mv represents the magnetization in the vascular compartment. Notice that for oa less than w, oa com pletely disappears from the equation and the signal is perfectly independent of arterial transit time. Since the division between the vascular compartment and the feed ing vessels is vague, this independence is fortunate. By defining oa, f, and 0, we have implicitly defined the volume of the vascular compartment, Va' because it is given by
It is this relationship that implicitly determines the rela tive weighting given to the signals from the vascular and tissue compartments. Some other effects of the intraluminal spins were ne- 1996 glected because they were presumed small. First, we ne glected the contribution of the vascular compartment spins to the equilibrium tissue magnetization, M�, be cause the arterial blood volume should be less than a few percent. We have also ignored magnetization transfer effects within the arterial blood because they are much smaller than those in tissue (Morrison and Henkelman, 1995) .
Calculation of flow
To obtain quantitative images of CBF, the above ex pressions must be inverted, i.e., (Pekar et aI., 1996) . From 15 to 30 pairs of images were acquired and magnitude averaged for each delay and frequency offset.
Seven normal volunteers, five men and two women, 20-40 years of age were studied. In four of the subjects, images were obtained with posttagging delays of 10,75, 150,300, 450, 600, 900, and 1,200 ms. These images were used to assess the vas cular transit times. Five of the subjects were imaged with the alternating gradient strategy at a fixed delay of 900 ms. Two of the subjects for this second experiment also participated in the transit time study. T I maps were obtained in these five subjects, as described below. In two of these subjects, an additional perfusion image was acquired during mild hypercapnia pro duced by voluntary hypoventilation.
To quantify the perfusion images, Tis and Tins were mea sured by applying off-resonance RF pulses while the perfusion gradient was turned off. The off-resonance pulses caused changes in the signal amplitude due to magnetization transfer.
A repetition time (TR) of 8 s was used to assure an equilibrium condition existed prior to RF pulse changes. Tis was measured by obtaining images with 0 delay while the tagging pulse was set to each of 0, 50, 100, 200, 300, 500, 800, 1,000, and 3,500 ms durations. Tins was measured by applying a long tagging pulse with delays before imaging spanning the same range of durations. The resulting signal decay curves were fit to expo nential functions using a nonlinear least squares algorithm. Pix els in which the signal did not change more than 10% when the tagging pulse was applied were assumed to be primarily CSF, which is not attenuated by magnetization transfer, and T I was not calculated. Although this method of T I measurement is not standard, it is fast, compatible with applied saturation pulses during relaxation, and free from contamination by CSF, which has a much longer T I than does gray or white matter.
Quantitative perfusion images were calculated using the for mula presented in the previous section, the T I maps, and as sumptions for the vascular transit times which will be described below. Images were segregated into gray and white matter regions based on T I ' and the gray matter was then manually subdivided into cortical and subcortical regions. Subcortical gray matter included regions of caudate, putamen, and thala mus. Quantitative flows were calculated in each of the five subjects.
RESULTS
A representative set of difference images (control arterial spin tagging) are displayed in Fig. 3 . The first image, obtained with a tagging delay time of only 10 ms, shows a strong perfusion-related signal, but the spatial distribution deviates from the expected cortical gray mat ter distribution. Except for the ventricles, which are to tally dark, both gray and white matter are bright. Ex tremely bright foci, probably representing large vessels, are readily apparent and account for a considerable part of the total intensity in the image. As the tagging delay is increased, the entire image begins to fade, but the vas cular signal decays much more rapidly than does the tissue signal. At delay times of �600 ms, the perfusion image takes on an intensity distribution that follows the cortical structure. Elevated flow relative to white matter is also apparent in the deep nuclei. The bright diagonal linear structures at the medial borders of the thalamus likely represent choroid plexus.
Approximate transit times can be inferred from the properties of the signal as a function of tagging delay, As can be seen in Fig. 3 , large arterial structures completely disappear only when a 600 ms delay is used. Figure 4 shows this signal decay with delay in several types of regions averaged over four subjects. The signal from the first region, large arterial structures, begins to decay rap idly with delay except for an initial plateau at the earliest delays indicating an average transit time to these vessels on the order of 200 ms. The signals from these arterial structures, all within gray matter, only decrease to the level of other gray matter regions at -600 ms delay. Signal from large gray matter regions, including some bright signal regions that probably represent smaller ar terial structures, show a longer initial plateau indicating an average transit time of -400 ms. Finally, gray matter regions selected for the absence of bright structures show very little change with delay. These values of transit times can be used to help constrain the transit times of the model, oa, and O. oa can readily be constrained to <600 ms based on these results. 0 must be >600 ms, but the upper limit is not well constrained by our observa tions.
Ti n s and Tis were successfully measured for both gray matter and white matter. Representative Ti n s and Tis images are shown in Fig. 5 . Ti n s is noticeably >T I s in both gray and white matter regions. Tis was 746 ± 18 ms in gray matter and 525 ± 36 ms in white matter averaged across five subjects. Ti n s was longer in both cases, 1151 ± 12 ms for gray matter and 770 ± 11 ms for white matter, in reasonable agreement with other measure- ments of T I at 1.5T (Bottomley et a!., 1984; Larsson et aI., 1988 ; Steen et a!., 1994) .
In five of the subjects, the sign of both the frequency and the gradient were alternated in a four-step cycle (Pe-kar et a!., 1996). When the images with opposite gradient sign were averaged separately, the two resulting perfu sion-weighted images sometimes differed in intensity. Subtraction of the two perfusion images yielded an error image with no contrast between gray and white matter, suggesting that the error was not related to perfusion. The basis for this difference, which varied from subject to subject, is uncertain; however, the amplitude never exceeded 20% of the gray matter perfusion signal in any subject.
Quantitative perfusion values for five of, the subjects are shown in Table 1 . We assumed a tissue transit time, &, of 1,500 ms, a T 1 for blood of 1, 100 ms (Bryant et aI., 1990) , and a brain-blood partition coefficient of 0.98 for gray matter and 0.82 for white matter (Herscovitch and Raichle, 1985) . Mean gray matter flow was found to be 91, mean white matter flow was 36, and average flow was 71 mll00 g-l min-I . Representative images calcu lated for one subject are shown in Fig. 5 . Voluntary hypoventilation in two subjects caused a 40% increase in perfusion relative to rest (Fig. 6) .
DISCUSSION
These results demonstrate the feasibility of obtaining high resolution, quantitative perfusion images of the hu man brain without exogenous tracers or arterial or ve nous blood sampling. Using the present technique, high quality perfusion images could be obtained from a single slice through the human brain in <5 min. Our results represent a major improvement in resolution relative to other techniques, except those obtained from the highest quality positron emission tomography (PET) studies. Since the resolution of the MR technique is limited only by the signal-to-noise ratio, fu rther improvement in reso lution should be obtainable with optimization of acqui sition parameters, increased imaging time, more sensi-tive RF receiving coils, and higher field strength mag nets.
Sensitivity of the perfusion images, motion insensitiv ity of results, and flexibility of scan timing were all en hanced by the use of echoplanar imaging. Interleaved subtraction essentially eliminated the need for subject constraint as proven by the perfusion images obtained in seven subjects that had no indication of motion artifact. Echoplanar imaging also improved the speed with which T I maps could be obtained. While echoplanar imaging is probably not essential for this technique-since inter leaved acquisition and delay are compatible with stan dard spin warp spin and gradient echo sequences echoplanar perfusion images will serve as a benchmark of motion insensitivity and image quality against which other acquisition methods must be compared.
Acquisition of images using different posttagging de lays made it possible to estimate, &a, the arterial blood transit time. Measurement of the true tissue transit time is difficult and may be beyond the capabilities of MR tech niques. Measurements of arterial transit time using other techniques are rare in the literature and subject to similar inaccuracies (Nagata and Asano , 1990) . Introduction of a posttagging delay also eliminated the intense signal from large vessels, which, clearly, do not reflect tissue perfu sion. This effect is a by-product of choosing w longer than &a. Bipolar gradient pulses may still be used but are unnecessary unless &a is longer than w. The presence of bright vessels in perfusion images acquired without bi polar gradients is an indication that a longer delay is necessary to achieve transit time insensitivity.
Perfusion images acquired with opposite signs of tag ging gradient demonstrated small differences represent ing subtraction error. It has been suggested that the mag netization transfer spectrum may be asymmetric, result ing in subtraction errors when perfusion tagging is applied (Pekar et aI., 1996; Stein et aI., 1994) . In our study, subtraction errors varied considerably from sub ject to SUbject, which argues against the existence of a fu ndamental asymmetry in the magnetization transfer spectrum. These small differences may simply be caused by slight off sets in the magnetic field due to variations in subject geometry, eddy currents, or other instrumental imperfections. Averaging the perfusion images obtained with opposite gradient sign dramatically decreases sen sitivity to such errors, resulting in improved quantifica tion.
An adequate quantification method for our images mu st take into account the presence of a considerable volume of tagged water in small arterial vessels, in ad dition to that in the tissue itself. Results of varying w suggest that the transit time to visible arterial structures is on the order of 200 ms while the transit time to the smaller vessels, which feed white matter and smaller gray matter structures, is on the order of 600 ms. Even (0), can be determined. Averaged difference images (control -inversion) (E) are then converted to quantitative perfusion images, (F). The quantitative perfusion image, in units of mll100 g-1 /m-1 , was calculated assuming an average blood-brain partition coefficient of 0. 9 (Herscovitch and Raichle, 1985) . when a 900-ms delay is employed, it is unlikely that all of the tagged blood reaches the tissue. Although this blood signal could be eliminated by increasing the delay time, at the cost of sensitivity, theoretical estimates in dicate that the signal in the small vessels compromises neither resolution nor quantification. Image signal inten sity for our experimental parameters is plotted as a fu nc tion of tissue transit time in Fig. 7 , assuming a 8a of 600 ms. Although the image intensity is sensitive to tissue transit time, the dependence is very weak in gray matter and fairly weak in white matter. As the tissue transit time exceeds the tissue T I ' transit time sensitivity disappears because most of the signal is actually within the vascular compartment. Although we have selected a 900-ms delay for our studies of normal volunteers, a longer delay may be necessary to ensure transit time insensitivity in pa tients suffering from vascular disease, who frequently have longer arterial transit times.
Accurate quantification of perfusion requires knowl edge of longitudinal tissue relaxation. The effects of J Cereh Blood Flow Metab. Vol. 16. No.6. 1996 magnetization transfer, due to the tagging pu lse, mu st be considered in the measurement of T I ' We have measured T I of tissue both in the presence and absence of the tagging pulse. T 1 is measurably shorter during the tag ging, and the fractional change in T 1 is roughly equal to the fractional change in signal intensity caused by mag netization transfer. Zhang et al. (1992 Zhang et al. ( , 1995 , have reported detailed theo retical and experimental studies of the relationship be tween T I, magnetization transfer, and perfusion quanti fication that support this relationship. Their work as sumes that the macromolecular spins are fully saturated during tagging while the free spins are unaffected except by transfer. If this fu ll saturation of macromolecular spins were accomplished, however, the observed signal intensity would be independent of tagging amplitude (Grad and Bryant, 1990 ). This situation is almost never observed in vivo since sufficiently high saturation power is rarely used. A more appropriate assumption would be that the exchange between the two or more water com- partments is very fast compared to that of T l ' Under this assumption, the relative concentration of spins in all compartments remains unchanged when saturated (Caines et aI ., 1991) . The relationship between T 1 change and signal saturation derived by Zhang et aI . (1992) re mains true under this new assumption. Both assumptions can be avoided if TIs and T I ns are measured directly, as in this study. Except for short transient effects, the lon gitudinal relaxation of tissues can be well characterized by these two time constants (Adler and Yeung, 1993; Yeung and Swanson, 1992) . During the fitting of the TI decay curves, an accurate measure of magnetization transfer is also obtained. Since magnetization transfer is much greater in tissue than in CSF, the measured mag netization transfer could be used to estimate the amount of tissue in each voxeI. Using this approach, gray matter perfusion values could be corrected for partial volume effects, which are particularly severe when atrophy is present.
Quantitative perfusion values obtained with our method were in agreement with those measured by other techniques. Gray matter perfusion values of 91 ± 13 ml 100 g-I min-I and white matter values of 36 ± 10 ml 100 g-l min-1 are slightly higher than PET measurements of resting perfusion (Lammertsma et aI ., 1990 ; Matthew et aI ., 1993; Quarles et aI ., 1993) . Several factors may con tribute to this difference. First, our volunteers were rela tively young. CBF has been shown to be higher than average in young adults (Pantano et aI., 1984) and in women (Gur et aI ., 1982 (Gur et aI ., , 1994 . Excluding the two younger female subjects would have shifted the mean CBF values more towards literature values. Finally, the comparatively high resolution of our method as com pared to that of PET may have more correctly separated gray from white matter, resulting in higher gray matter flows. Although arterial or end-tidal CO2 levels were not measured, voluntary hypoventilation produced easily de tectable changes in measured perfusion, consistent with the expected effects of hypercapnia on CBF. Literature values for CO2 reactivity (Levine et aI ., 1991) , 5% / mm Hg, suggests an increased P a co2 of 8 mm Hg would achieve the observed 40% increase in flow.
Our theoretical model indicates that the fortuitously similar TIs of blood and gray matter make quantification of gray matter flow virtually independent of transit time to the tissue, 0, when a sufficiently long tagging delay is employed ( Fig. 2A) . Images are perfectly independent of transit time to the vascular compartment, oa, for both gray and white matter as long as the transit time is shorter than the delay time. The need to account for transit time represented one of the major obstacles to quantification of perfusion, particularly in humans where the transit time is comparable to T l' The shorter T I of white matter leads to a greater dependence of signal intensity on tissue transit time (Fig. 2B) ; however, this dependence is still markedly weaker than the exponential dependence of signal on transit time when no tagging delay is em ployed. When perfusion values are calculated assuming 8 of 750 instead of 1,500 ms, white matter perfusion in creases 32% but gray matter perfusion increases by only 8%. The remaining sensitivity of white matter flow to transit time still requires that a fairly accurate transit time value be used for accurate flow quantification.
The availability of a high resolution, quantitative ce rebral perfusion imaging method requiring no injections, no arterial or venous sampling, and no ionizing radiation should contribute to a better understanding of cerebro vascular physiology and improve the diagnosis and treat ment of stroke, trauma, neoplasms, seizures, degenera tive disease, and other cerebral disorders. It is also readily combined with a variety of other techniques such as angiography, spectroscopy, or blood oxygenation sensitive brain activation imaging. Adaptation of this technique to other body organs should also be possible with clear applications to a variety of circulatory disor ders.
the methods for quantifying blood flow rely on subtract ing two images acquired with different arterial spin tag ging but identical flow, we can simplify the Bloch equa tion to
The observed signal intensity difference can then be de-J Cereb Blood Flow Metab, Vol. /6, No.6. 1996 rived by direct integration once the arterial spins are defined.
Continuous inversion methods
First, we consider the continuous labeling experiment where spins are steadily inverted or saturated at a par ticular point in the arterial tree. We will also introduce a delay of duration, w, between the end of tagging and the acquisition of the image. At times before w, the tagged arterial blood at the tagging plane is given by
where we have employed Eq. 2 of Williams et al. (1992) and defined the inversion efficiency, ex, which is one for inversion and one half for saturation. Because there is a delay between the tagging of the blood at the tagging plane and its arrival at the tissue, namely the transit time, 8, we must include the T I decay that occurs during that time, i.e.,
Untagged blood begins to arrive at the slice before im aging only if w > 8. The signal difference is given by
where we define t = 0 as the time the image is acquired and the mine ) function returns the minimum of its two arguments. 
Next, we consider the effect of magnetization transfer on the continuous labeling experiment with posttagging de lay. Because Tl app is equal to TIs during the tagging pulse and to T I n s afterwards, the tissue magnetization must be calculated in two steps. Until w before the im-aging, the off-resonance pulse is applied and T Is must be used. The perfusion-related magnetization at that time is identical to the 0 delay experiment with TI s inserted for
Tla pp
At t = -w, the tissue signal becomes governed by the unsaturated equation where T lapp equals TIn s ' Substitut ing the above expression for the magnetization at t = -w and integrating the modified Bloch equation from -w to 0, the imaging time, yields
In s
The arterial blood signal is also governed by a modified Bloch equation with one important distinction from the tissue equation. The probability of tissue water exiting through the veins is independent of when the water en tered the tissue since diffusion and other properties rap idly mix the molecules. In contrast, the probability of arterial water exiting the vascular compartment is strongly determined by the time it entered. This neces sitates a change to the outflow expression. the outflow ing spins from the arterial vasculature compartment enter the tissue compartment so the outflow expression for the vascular compartment equals the expression for the in flow to the tissue, Eq. 14. The inflow is given by the same expression with oa substituted for O. The vascular signal is then The observed signal is given by the sum of the tissue and arterial signals.
In reality, blood tagged in the carotid and vertebral arteries does not all travel at the same velocity and, con sequently, a spread of transit times to the vascular com partment and tissue are required to describe the dynamics of blood. Magnetization can be calculated in this more general case by replacing the flow, f, in the expression for observed signal with an expression f (0, oa) that represents the fraction of blood flow that experiences the specified transit times. The integral of this function over all transit times must equal the total flow, while the in tegral of the observed signal over all transit times gives the total signal. Since the signal change can be made insensitive to transit time, this added level of complexity may be unnecessary.
Pulsed inversion
A preliminary model for the signal observed in pulsed inversion experiments (Buxton et aI., 1995) has high lighted the role of the temporal spread of the arriving bolus and utilized data from multiple inversion times to quantify the relative perfusion change during an activa tion. Following Buxton et aI., we will assume a square bolus of duration T that begins to arrive at the tissue following a delay, 0, caused by arterial transit times. Their method also assumes that the duration of the bolus is due entirely to the geometric spread of the tagging slab, i.e., there is no dispersion of transit times from the end of the slab to the tissue. Although this is a question able assumption, we will employ it below. If the quan tification depends heavily on either 0 or T, it will be highly suspect. All of the tagged arterial spins are in verted simultaneously at time -TI. For times between -TI + 0 and -TI + T, inflowing spins are given by MO ( -(t + TI) ) 
The duration of the bolus, T, is given by the volume of the tagged arteries, V a ' divided by the total CBF, F. Con sequently, the signal intensity becomes dependent on the arterial blood volume and the ratio of the t10w to the total CBF, instead of the absolute blood flow.
It is essential to ensure that TI is shorter than T in order to obtain quantitative, absolute perfusion images. If TI is shorter than T, larger arteries should also contain tagged blood and they will be apparent in the images. The lack of bright vessels in the perfusion images of previous studies (Edelman et aI., 1994; Kim, 1995; Kwong et aI., 1995) suggest that T was too short to quantify absolute perfusion.
